The electrochemical reduction of oxygen on Lanthanum Manganite(LSM) electrodes has been investigated by cyclic voltammetry, AC impedance and, in particular, potential step. An emphasis was given to the study of the kinetics of the formation of oxygen vacancy, which is shown to be the main cause for the reserved hysteresis in cyclic voltammograms and for the increase in the electrochemical activity of oxygen reduction on the cathodically polarized LSM electrode both observed in AC impedance and in potential step experiments. The potential step experiments show that the oxygen vacancy concentration increases exponentially with time when the LSM is under a cathodic polarization. In the presnet study, the rate controlling step for the formation of oxygen vacancies is oxygen vacancy generation step. The cathodic current rising from the reaction on oxygen vacancies can make a significant contribution to the total reduction current.
Introduction
Strontium doped lanthanum manganite (LSM) has been considered as one of the most promising cathode materials for Solid Oxide Fuel Cell (SOFC) due to its excellent electrochemical activity for oxygen reduction as well as its thermal and chemical compatibility with Yttria Stabilized Zirconia (YSZ). An extensive research has been carried out to investigate the effect of Sr doping and electrode morphology on electrochemical activity, the mechanism of oxygen reduction and the frequently observed catalytic activity enhancement when the LSM electrode is cathodically polarized to a certain extent [1] [2] [3] [4] [5] [6] [7] [8] [9] .
It is generally accepted that the enhancement in catalytic activity under a cathodic polarization is associated with oxygen nonstoichiometry or oxygen vacancy in the LSM electrode [4] [5] [6] [7] [8] . Oxygen nonstoichiometry or oxygen vacancy generated under polarization is confirmed by several methods using thermogravimetric technique [7] , and in situ x-ray photoelectron spectroscopes (XPS) [8] . Similarly, it has been shown that Sr doping to LaMnO 3 increases oxygen nonstiochoimetry, which results in the improvement in the electrochemical activity of the LSM electrode [10] .
Regarding the mechanism of the enhancement in electrochemical activity when the LSM is subjected to a cathodic potential, there are different explanations about the reaction pathway. Kleitz and coworkers reported that the electrochemical improvement in activity is due to the generation of oxygen vacancies and to the favorable broadening of the active reaction zone as a result of the diffusion of oxygen vacancy through bulk transportation [6, 7] . Based on the observation by in situ XPS and cyclic voltammetry, Gsymbol 148 \f "MS LineDraw" \s 10__pel and coworkers believed that oxygen vacancies generated along TPB and propagating over the LSM surface are newly created active sites for the oxygen reduction [8] . It is most likely, as the authors concluded, that oxygen is reduced on the surface and oxygen ions transported to TPB by surface diffusion or grain-boundary diffusion since the bulk diffusion of oxygen 2 ions in LSM is very low. There is more and more evidence in support of the surface diffusion of oxygen ions [8, 9, 11] .
The kinetics of oxygen vacancy formation was investigated by AC impedance in a couple of studies [8, 9] . The measured reciprocal of the electrochemical resistance, 1/Re, was found proportional to t 1/2 . The authors proposed that oxygen vacancy formation may be controlled by the diffusion process [8] . A similar relation between 1/Re and t 1/2 was observed by Hammou [9] .
In the present work, cyclic voltammetry, AC impedance and, in particular, potential step experiments have been performed on an La 0.8 Sr 0.2 MnO 3 electrode to further investigate the formation of oxygen vacancy and its contribution to the electrochemical reduction of oxygen. An emphasis was placed on the kinetics of the formation of oxygen vacancy. Based on the results from cyclic voltammetric and potential step experiments, a model has been put forward to well interpret the kinetics of the formation of oxygen vacancies under the present experimental conditions.
Experimental
La 0.8 Sr 0.2 MnO 3 cathode materials were prepared by a high temperature solid state reaction. After being mixed and ground in alcohol thoroughly, lanthanum oxide, La 2 O 3 , and Mn, Sr carbonates of appropriate compositions were calcined at 1200_ for 18.5 h. The XRD spectrum demonstrated that the crystal structure of the resulting powder was pure LaMnO 3.15 , a perovskite. The LSM powder was then ground into fine particles with a mortar and pestle. 20wt% yttria stabilized zirconia(YSZ) was added and mixed completely in order to have a good adhesion after the mixture being sintered on a YSZ plate. LSM+20wt%YSZ mixture was added with appropriate amount of binder and solvent to form a paste. The paste was then deposited on a YSZ slab as a working electrode by the screen printing method(80 mesh), and calcined at 1200_for 2.5 hours. SEM experiments showed that the thickness of the LSM electrode was 30-40 symbol 109 \f "Symbol" \s 10µm and the porosity was estimated at about 30-40%. The Pt counter and reference electrodes were deposited on the other side of the YSZ slab by applying a thin layer of Pt paste, followed by sintering at 950_ for 2 hours as described previously [12] . The areas of the working electrode , counter electrode and reference electrode were 0.24 cm 2 , 0.5 cm 2 , 0.1 cm 2 respectively.
The YSZ electrolyte with the three electrodes was mounted on a quartz sample holder. Pt grids were attached and spring pressed to the working and counter electrodes as current collectors. Three Pt wires were connected to the working, counter and reference electrodes and led to a potentiostat. The sample was located in an appropriately designed quartz CSTR reactor and exposed to a He + O 2 mixture. The oxygen partial pressure was controlled by the mixing of helium and oxygen gases, and measured by an on-line zirconia oxygen sensor.
All electrochemical experiments were carried out with a EG&G 173 potentiostat/galvanostat equipped with a 376 interface, and a EG&G 175 universal programmer. All potentials measured below were referred to the reference electrode exposed to the same P O2 as the working electrode. 
Results
Cyclic voltammetry has been performed at various temperatures and partial pressures of oxygen within the potential window of typically -0.8 to 0.8V. Fig.1 shows cyclic voltammograms obtained in a temperature range of 673K-1223K. At a low temperature (673K), the cyclic voltammogram exhibits a normal hysteresis, (i.e. the reverse current is lower than the forward one), which is a common feature in aqueous electrochemistry. In high temperature solid electrolyte systems, this is frequently observed for Pt/YSZ [12, 13] . This kind of hysteresis generally arises from the depletion of active reactants on the electrode surface after the forward potential scan. In such a case, the concentration of oxygen adsorbed at three phase boundaries(TPB) is reduced by the forward cathodic reaction so that the reduction current in the reversed scan is lower than that in the forward scan. With the increasing of temperature(e.g. 1173K), the normal hysteresis becomes less and less pronounced, and diminishes at a temperature of 973K. At a higher temperature, the hysteresis becomes reversed (i.e. the reverse current is higher than the forward one). The reversed hysteresis is a unique phenomenon which was observed in a number of studies for the LSM/YSZ system [5] [6] [7] [8] 14] . It was found that the reversed hysteresis in cyclic voltammogram is attributed to oxygen vacancies generated during the cathodic polarization. The formation and propagation of oxygen vacancies either by surface diffusion or by bulk diffusion enlarges the active reaction zone for oxygen reduction, resulting in a large reverse current in the cyclic voltammogram and a rapid increase of the electrocatalytic rate at a steady state cathodic polarization [6, 7] . This is why the LSM electrode, a moderately active electrode for oxygen reduction compared to a Pt electrode, becomes much more active than the latter at high cathodic potentials [2] . High temperatures facilitate the formation of oxygen vacancy as well as their mobility, therefore, the reserved hysteresis is conspicuous at high temperatures.
In order to further clarify the reversed hysteresis , the effects of potential scan rate and were investigated. Fig.2 depicts cyclic voltammograms at various scan rates at 950_, in air. Contrary to the observation on Pt/YSZ [12, 13] in which case the higher the scan rate, the more marked the hysteresis, the hysteresis becomes increasingly pronounced with decreasing scan rate. The results strongly indicate that the formation of oxygen vacancies is a slow process and that oxygen vacancies are apparently stable under oxygen atmosphere. As noticed in Fig.2 , the hysteresis loop increases with decreasing scan rate. The loop area of the hysteresis is the net charge transferred during the potential scan, which is associated with the amount of oxygen vacancies created. By integrating the loop area (A loop ) and plotting vs the reciprocal of scan rate (1/symbol 110 \f "Symbol" \s 10ν) (i.e. scan time), it is found that the net charge is approximately proportional to 1/symbol 110 \f "Symbol" \s 10ν. The linear relation between A loop and 1/symbol 110 \f "Symbol" \s 10ν suggests that the average oxygen vacancies increase with time.
The effect of on voltammogram is illustrated in Fig.3 . The reversed hysteresis becomes more and more obvious as increases. The same trend was observed previously by Gsymbol 148 \f "MS LineDraw" \s 10__pel and coworkers [8] . They also found that no hysteresis was obtained under pure N 2 atmosphere.
The dependence of the hysteresis on P O2 implies that oxygen vacancies are surface oriented and exposed to the gas phase. The relation of the net charge calculated from the loop area and is shown in the same Figure   4 (insert), which could be best fitted with an empirical equation,
As will be shown later, the correlation between Q and can be explained based on a mathematical model developed.
The impedance diagrams under various degrees of cathodic polarization at 850 o C are shown in Fig. 4 .
The impedance spectra was obtained in the frequency range from 2Hz to 30kHz. The impedance decreases markedly as the cathodic polarization increases. At the cathodic potential below -400mV, a second impedance arc appears at the low frequency end. The decrease of polarization resistance(arc size) under the cathodic polarization is a characteristic of the LSM electrode, which is interpreted by the formation of oxygen vacancies [5, 8, 9, 14] .
Since the formation of oxygen vacancies is a relatively slow process, it is possible to study the process much more carefully by conducting potential step and then recording the responding current evolution with time. Prior to the potential steps, the LSM electrode was subjected to an anodic potential of +800 mV in order that all oxygen vacancies were scavenged. Potential step experiments to various cathodic potentials in air to 800mV under various at 950_ were carried out. Fig.5 shows the potential step at 950 o C. The responding current increases with time after a potential step to a sufficiently high cathodic potential (< -100mV). While the potential step is to a lower value, the current decreases initially, passes through a minimum and then increases as shown in Fig.5(insert) . The current increases more rapidly and reaches a higher steady state current when the step potential is more negative. At a fixed step potential (-800mV), Fig.6 shows that the current increases with time and reaches a constant except when under very low , in which case, the current decreases at first, then increases like those curves obtained at low step potentials. At a higher , the step current is higher and reaches a higher steady state value in a shorter time. As shown in all experiments, the increasing portions of the current evolutions obey an exponential trend.
The current increase rather than a decrease in potential step experiments clearly indicates the increasing of oxygen vacancies with time, which in turn accelerate the electrochemical reduction of oxygen. Moreover, the formation of oxygen vacancy is significantly affected by temperature, the step potential and . To further elucidate the kinetics of oxygen vacancy, a mathematical derivation has been performed to account for the experimental results in the next section.
Discussion
For an LSM/YSZ electrode system, when a cathodic polarization is applied to the electrode, the electrochemical reduction of oxygen takes place. The overall reaction can be expressed in a simple form regardless of the reaction sites:
When the cathodic potential is sufficiently negative, the reduction of the LSM electrode, or precisely, the 
Assuming the mass transport steps of oxygen gas and oxygen vacancy are in equilibrium, therefore, the rate of oxygen vacancy generation on the LSM can be written as (5) where represents [] for simplicity. , cathodic charge transfer coefficient, equal to 1-symbol 98 \f "Symbol" \s 10β (assuming symbol 98 \f "Symbol" \s 10β=0.5). n stands for the number of electrons, n = 2. Rewriting the equation in a simple form:
where
Integrating equation (6), we have (9) where [] stands for the initial oxygen vacancy concentration on the LSM. [] can be assumed zero since the LSM electrode was oxidized at 800mV prior to the potential step. Rewriting equation (9), we obtain an equation for the oxygen vacancy concentration changing with time after a potential step:
or (11) When t/t1 <<1, equation (11) can be simplified into
where is the maximum oxygen vacancy concentration, which is given by (12) t 1 presents the time constant and is dependent only on ,
Equation (11) shows that the oxygen vacancy concentration generated at the LSM electrode increases exponentially with time until a maximum concentration is reached. The maximum concentration, is thermodynamically established and determined by the experimental parameters of P O2 and E. At small times, the oxygen vacancy concentration increases linearly with time(equation 11a), which can approximately explain the linear relation between the net charge and the scan time in the cyclic voltammetry study. In several studies [8, 9] , t -1/2 -dependence of the electrochemical resistance(1/R e ) was found. It was proposed that oxygen vacancy formation is controlled by a diffusion process [8] . In the 6 present study, the rate determining step for the formation of oxygen vacancy is the generation step(3), which best interprets the experimental results as shown later.
With the formation of oxygen vacancies in the LSM electrode, a mixed conduction can be induced, which increases oxygen reduction activity. Two mechanisms have been proposed for interpreting the increase in the activity of oxygen reduction on the cathodically polarized LSM electrode. One mechanism proposes that a new pathway for the reaction was created by bulk diffusion of oxygen vacancies and the reaction zone is delocated over TPB region [6, 7] . Gsymbol 148 \f "MS LineDraw" \s 10__pel and coworkers [8] believed that oxygen vacancies spread over the LSM surface most likely by surface diffusion or grain-boundary diffusion since the bulk diffusion in the LSM is very low. They proposed that the LSM surface, covered by oxygen vacancy, become electrocatalytically active for oxygen reduction. We agree with the authors on that surface diffusion of oxygen vacancy plays a much more important role not only because surface diffusion is much faster [11] , but also because it is found that has a profound effect on the oxygen reduction reaction associated with oxygen vacancies.
Based on the proposed mechanism by Gsymbol 148 \f "MS LineDraw" \s 10__pel and coworker, that oxygen vacancies spread over the LSM surface and provide additional active sites for oxygen reduction, the reduction current after a potential step can be deduced. The total cathodic current consists of two parts, I TPB from the reaction at the three phase boundary andcontributed from the reduction reaction at oxygen vacancies on the LSM surface. I TPB comes from the reduction of the adsorbed oxygen atoms, O TPB , at TPB according to (14) I TPB could be considered a constant at a constant potential. from reaction(15),
can be expressed by (16) where O LSM is the oxygen atoms adsorbed at the LSM surface. symbol 113 \f "Symbol" \s 10θ 0 is the surface coverage of oxygen on the LSM. According to the Langmuir-Hinshelwood adsorption isotherm, it is given by All current evolution curves can be perfectly fitted to equation (22), except those obtained at very low or at small potential steps. The fitting for each curve is excellent with the only exception of a small portion of the curve at the initial stage of the potential step. This might be caused by double layer charging at the most initial part of the step or by the rapid reduction of excessive oxygen adsorbed at TPB during the anodic polarization at +800mV. The fitting curves are shown together with experimental data in Fig.7 and Fig.8 . The I TPB , and t 1 retrieved from the simulation are summarized in Table 1 . and Table 2 . Table 1 . Parameters retrieved from current evolution curves, with same conditions as in Fig.6 (kPa) t 1 (s) As shown in Table 1 , time constant, t 1 , which reflects the effect of the reoccupation reaction of oxygen vacancy(4) decreases with increasing . Plotting t 1 vs , indeed, is followed as shown in Fig.7 . The dependence of t 1 on E is depicted in figure 8 . It is noticed that t 1 is independent of the step potential as predicted. At a constant step potential, the dependence of I L on is also depicted in Fig.7 , which could not be directly fitted to equation (20 ) at a first glance. Since the working and the reference electrodes are exposed to the same atmosphere, the potential of the reference electrode is changed simultaneously as changes. The value of the step potential, E, is not absolutely the same at each . Taking into account this fact, equation ( 20) can be rewritten on the basis that the potentials are referred to the air electrode.
where , is the applied step potential, a constant at each P O2 . is the equilibrium potential at the oxygen partial 8 pressure of referred to the air electrode. is expressed by the Nernst Equation,
Substituting for in equation ( 23), and taking n=2, =0.5, I L can be rearranged into (25)
The above relation shows a dependence of I L on at a fixed step potential, in good accordance with experiment data, as demonstrated in Fig.7 . The same dependence of the net charge on P O2 observed in the cyclic voltammograms (Fig.3) can be explained based on equation(25). Equation (25) Examining I TPB and I L (Table 1and 2), it is worth noting that the current rising from the reaction on oxygen vacancies can be several times larger than that from TPB, depending on P O2 and step potential applied. This means that the current from oxygen vacancies makes a significant contribution to the total reduction current, i.e. the electrochemical activity of the LSM electrode is greatly enhanced by the formation of oxygen vacancies.
Based on above theoretical analysis, a slightly modified theme for the electrochemical reduction of oxygen on the LSM electrode can be proposed. When cathodically polarized , oxygen reduction takes place initially at TPB area, accompanied by the reduction of Mn 3+ into Mn 2+ with the concomitant formation of oxygen vacancies along TPB. In the presence of gas phase oxygen, re-occupation of oxygen vacancies via process (4) also takes place. Although the formation of oxygen vacancies under a high is not favored thermodynamically, oxygen vacancies can still be generated and accumulated along TPB under a cathodic polarization. Driven by the chemical potential difference, oxygen vacancies propagates over the LSM surface by surface diffusion since surface diffusion of oxygen vacancy is much faster than bulk diffusion.
When covered by oxygen vacancies, the LSM surface becomes the active sites for the electrochemical reduction of oxygen. Thus, reaction sites are not confined to TPB and extends to the LSM surface beyond TPB. As a result of the enlargement of active surfaces, the electrochemical reaction rate increases, as manifested by the reversed hysteresis in cyclic voltammograms and the current increase under a cathodic potential. The more pronounced effect at high can be explained according to equation (25).The equation also explains the observation that no hysteresis was found under N 2 atmosphere [8] .
Conclusion
The enhancement in the electrochemical activity of oxygen reduction and the reversed hysteresis on the LSM electrode subjected to a cathodic polarization is ascribed to the formation of oxygen vacancies, 9 which propagate over the LSM surface and provide additional active sites for oxygen reduction. The potential step experiments revealed that oxygen vacancy concentration increases exponentially with time when the LSM electrode is cathodically polarized. In the present experimental conditions, it was found that the rate controlling step for the formation of oxygen vacancies is the vacancy generation step. The cathodic current rising from the reaction on oxygen vacancies can be several times higher than that at TPB, making a significant contribution to the total reduction current. It has been shown that the potential step technique is one of the most effective technique to study the electrochemical process associated with the formation of new active sites. 
